The ultrastructural distribution of the ganglioside GMi was investigated in A431 cells. After ftution, the cells were frozen in liquid nitrogen, freeze-substituted, and then embedded in Lowiayl resin at -45°C. By use of the cholera toxinbinding subunit adsorbed to gold as a specific probe to label on the sections, GM1 was shown to be present in endocytic organelles, in the trans-Golgi network, and on the plasma membrane, but was not detectable in the endoplasmic reticulum. GMI was not distributed uniformly over the plasma Correspondence to: EMBL, Meyerhofstr. 1, D69012 Heidelberg,
Introduction
Although the trafficking of a number of membrane proteins has been extensively studied over recent years, the routing and sorting of membrane lipids have received less attention. Glycosphingolipids are present in all mammalian cells, where they show cell-and differentiation-specific expression pattems (1) . Glycosphingolipids have been implicated in trophic effects, cell-cell interactions, and differentiation (2) . In addition, they serve as receptors for toxins and viruses (3) .
Glycosphingolipids may play a particular role in epithelia, where they are enriched on the apical domain of the cell that faces the external milieu (4) . Glycosphingolipids can self-aggregate due to hydrogen bonding to form domains in the membrane (5) . On the basis of sphingolipid transport studies, it was proposed that this property might provide the basis for sorting of components in the tmns-Golgi network (EN) to the apical surface of the epithelial cell (4, 6) . This hypothesis was supported by studies showing enrichment of glycosphingolipids and apically directed proteins in detergent-insoluble complexes from epithelial cells (7) (8) (9) (10) (11) . Recent work showed that one component of these complexes, the integral membrane protein VIP-2l/caveolin, is present in the ' E N , in exocytic vesicles, and in specialized non-clathrin-coated invaginations of the plasma membrane termed caveolae (9, 1244) . This work, as well as the observation that glycosylphosphatidylinositol (GP1)anchored proteins, which are apically sorted in most epithelial cells (15, 16) , are concentrated in caveolae (17, 18) , suggested that there may be a mechanistic link between sorting in the ' E N and in caveolae (14) . In addition, it was proposed that glycosphingolipidbinding toxins, such as cholera and tetanus, are internalized via non-coated invaginations based on surface-labeling studies with multivalent toxin-gold conjugates (19) (20) (21) . Whether these structures are caveolae, which have been proposed to be non-endocytic (22), and whether glycosphingolipids are enriched in caveolae under non-perturbing conditions (i.e., in the absence of surface-bound toxin) is not known.
In the present study the distribution of a particular glycosphingolipid, the ganglioside GM1, was examined. GM1 has been particularly well-studied because of its role as the cell surface receptor for cholera toxin (3, 23) . Although the exact function of GM1 and other gangliosides is not known, it has been suggested that they are involved in modulating the effects of growth factors on cell adhesion and in neurite formation by neuronal cells (24, 25) . In addition, GM1 added to cultured cells can specifically modulate the expression of some surface proteins (e.g., 26,27). To understand the role of GM1 in the cell, a detailed quantitative examination of its distribution at the ultrastructural level is required. The method of choice for such a study is post-embedding (i.e., "on-section") labeling. To study the distribution of membrane proteins, the Tokuyasu frozen sectioning technique has generally proven to be the most useful (28). However, for lipids this technique is less successful, mainly due to the loss or redistribution of lipids (29). These problems were overcome by the use of a hybrid technique in which cells were fixed, frozen, freeze-substituted, and embedded in a Lowicryl resin at low temperature (29). Here I have used the same technique to look at the GM1 distribution in A431 cells, using the binding subunit of cholera toxin (cholera toxin-B) adsorbed to colloidal gold as an affinity probe for post-embedding labeling. The distribution of GM1 associated with different organelles and subdomains was then assessed quantitatively. The results indicate that GMi is concentrated in VIP-2l/caveolin-positive caveolae.
Materials and Methods
Cell Culture and Reagents. A431 cells were grown as described previously (30) . For some experiments, A431 cells were plated on polycarbonate filters (Transwell 3412; Costar, Cambridge, MA) 24 hr before the experiment. Cholera toxin-B subunit was purchased from Sigma (St Louis, MO). The antiserum against an N-terminal peptide of VIF21/caveolin was kindly provided by Dr. Paul Dupree and has previously been characterized (14) . The anti-cholera toxin antiserum was a kind gift of Dr. D.R. Critchley (University of Leicester, England).
Preparation of Cholera Toxin-B-Gold. Colloidal gold (14 nm) was prepared as described by Slot and Geuze (31) . The pH of the sol was adjusted to 6.9. The minimal amount of cholera toxin-B required to stabilize the gold was 12 pglml of gold sol. The cholera toxin-B-gold was stabilized with BSA to a concentration of 0.1% and then washed twice by centrifugation. Immediately before use the gold was washed once more and re-suspended in medium or PBS containing 0.1% BSA.
Freezing of Cells, Freeze-substitution, and Embedding in Lowicryl. The standard freeze-substitution procedure for processing of cells after fixation was essentially as described previously (29). Briefly, filter-grown cells or cells grown on Thermanox coverslips (Miles Scientific; Naperville, IL) were fixed with either 8% paraformaldehyde or 0.5% glutaraldehyde in 250 mM Hepes, pH 7.35, on ice. After washing the cells they were infiltrated with sucrose at 4°C. For the filter-grown cells, small pieces of filter were placed on an aluminum stub which was then immersed in liquid nitrogen. For the plasticgrown cells, small pieces of coverslip were held in tweezers and plunged into liquid nitrogen. Freeze-substitution was then performed in a Reichert CS Auto freeze-substitution unit with methanol containing 0.5 % uranyl acetate at -86°C. Infiltration and embedding in Lowicryl HM20 were performed at -45°C and the Lowicryl was polymerized with m light.
Labeling of Lowicryl and Frozen Sections. For labeling with cholera toxin-B-gold, sections were first treated for 10 min with 0.1% BSA in PBS to block nonspecific binding. They were then incubated with the cholera toxin-B-gold at a final OD120 of 0.01-0.05 for 60 min. After washing with PBS/BSA, the sections were treated briefly with 1% glutaraldehyde in PBS, washed with distilled water, and stained with uranyl acetate in methanol followed by Reynolds lead citrate. A relatively low cholera toxin-B-gold concentration was used to obtain a low labeling density. This allowed the visualization of differences in gold concentration in different domains and facilitated the quantitation. With higher cholera toxin-gold concentrations or with cholera toxin followed by antitoxin and protein A-gold, no qualitative differences in labeling were observed, although significantly higher labeling density could be obtained.
For double labeling with ricin, sections were labeled first with cholera toxin-B-gold and then the sections were incubated with biotin-labeled ricin (Boehringer; Mannheim, Germany), followed by a mouse anti-biotin monoclonal antibody (Boehringer). They were then incubated sequentially with rabbit anti-mouse IgG (Cappel; Cochranville, PA) and protein A-gold (9 nm). The latter was prepared according to Slot and Geuze (31) and was purified by centrifugation through a 10-30% glycerol gradient to obtain gold of a uniform size (9 nm 0.5).
Labeling of Cells with Cholera Toxin-B-Gold and Wheat Germ Agglutinin-Hoseradish Fkroxidase. Cells grown on 35-mm dishes were washed with DMEM/25 mM Hepes containing 0.1% BSA and then incubated with cholera toxin-B-gold for 45 min on ice or at 8°C. The cells were then washed with the same buffer and fixed in 0.5% glutaraldehyde in 100 mM cacodylate for Epon sections or with 0.5% glutaraldehyde in 250 mM Hepes for frozen sections. Processing of cells for Epon sections was exactly as previously described (32) .
To label the plasma membrane, cells were washed as above and incubated with 50 pg/ml wheat germ agglutinin-HRP (Sigma) for 1 hr at 4°C. After fixation, the HRP was visualized with diaminobenzidine and the cells were processed for Epon sections as described previously (32) . Semi-thick sections (approximately 200 nm) were prepared and viewed at 60 kV without staining. Cells for frozen sectioning were scraped from the dish, pelleted, and sectioned as described by Griffiths et al. (33) .
Ligand Blotting to Detect Cholera Toxin-binding Sites in A431 Cells. Cholera toxin-binding activity was detected by ligand blotting of a 12% SDS polyacrylamide gel of a total A431 extract with cholera toxin, as described by Kellie et al. (34) , with the modification that bound toxin was detected with antitoxin followed by an alkaline phosphatase-labeled second antibody. The reaction was developed with 5-bromo-4-chloro-3-indolyl phosphate as substrate in conjunction with nitroblue tetrazolium (Sigma) according to the manufacturers' recommendations. Under these labeling conditions, wheat germ agglutinin recognized several protein bands as well as the dye front (results not shown).
Quantitation of Cholera Toxin-B-Gold Labeling. Sections were photographed at random at a magnification of 12.5 kx. They were then magnified a further 4.1 times using a projection system. A double-lattice grid was laid over the projected image. The distance between lines corresponded to distances of 0.78 pm for the plasma membrane and 0.20 pm for other structures. Intersections with the membranes of interest were then counted. Over 40 negatives were analyzed. The density of the labeling is expressed in arbitrary units as the number of gold particles per intersection with the smaller grid lines.
For quantitation of the association of cholera toxin-B-gold with different features of the plasma membrane after surface labeling, Epon sections were cut perpendicular to the substratum to generate vertical sections. On randomly taken photographs, the percentage of gold particles associated with non-coated invaginations, clathrin-coated pits, and featureless plasma membrane was determined. On the same sections, the percentage of the plasma membrane occupied by these features was determined.
Results
Distribution of GMI in A431 Cell.
The human epidermoid carcinoma cell line A431 was chosen to study the distribution of the ganglioside GM1. A post-embedding labeling technique (35) was employed to determine the steady-state distribution of GM1 in these cells. To detect a specific ganglioside on the Lowicryl sections, we made use of the ability of cholera toxin to bind specifically to GM1 (23). Adsorption of the binding subunit of the toxin to colloidal gold allowed detection of GM1 in a single-step labeling procedure. As shown in Figure 1 , the freezesubstitution procedure gave good ultrastructure despite the absence of os04 as a post-fixation step. Note that the only staining before the labeling step is with a low concentration of uranyl acetate.
The cholera toxin-B-gold gave high and specific labeling of the membranes of a number of organelles. The specificity of the labeling was suggested by the very low level of labeling of the nucleus (Figure 1 ). Other controls were performed to check the specificity of the cholera toxin-B-gold for GM1. Labeling was blocked by incubation of the cholera toxin-B-gold with GMi before incubation Low-magnification view of freeze-substituted A431 cells labeled with cholera toxin-B-gold. A431 cells were fixed, cryoprotected. and frozen in liquid nitrogen before freeze-substitution and embedding in Lowicryl HM20 at -45OC. Sections were labeled with cholera toxin-B-gold to detect the ganglioside GM1. (AB) Labeling is associated with part of the Golgi (G). late endocytic structures (L), and with the plasma membrane (PM). The endoplasmic reticulum surrounding the nucleus (N, arrows), and the majority of the Golgi cisternae show negligible labeling. In E labeling on one side of the Golgi stack is apparent (arrowhead). (C) A section (serial section of same cell shown in A but at higher magnification) double labeled to detect GM1 (large gold) and ricin-binding sites (small gold). In the Golgi region the labeling overlaps (large gold particles, arrowheads), suggesting that the GM1 is in a late Golgi compartment, presumably the TGN. (D)
An example of a labeled late endosome/lysosome. ER, endoplasmic reticulum. Bars = 0.2 vm. Figure 1D ).
with the sections. In addition, negligible labeling was observed on sections of BHK cells (results not shown) or MDCK cells ( Table 1) . The latter are known to.express the closely related ganglioside GM3 and the Fonsman antigen, but not GM1 (29.36). To investigate whether cholera toxin binds exclusively to lipids in A431 cells, SDS-PAGE of an A431 cell extract was performed. The gel was then incubated with cholera toxin, followed by antitoxin and labeled secondary antibodies. As shown in Figure 2 , binding activity was present only at the dye front, indicating that the major components bind-ing cholera toxin in these cells, as in other cells tested (23), are glycolipids and not glycoproteins. GMI was present in the plasma membrane, endocytic structures ( Figure 1D ). and part of the Golgi (Figures IA-IC) . However, the remainder of the Golgi and the rough endoplasmic reticulum (RER) showed negligible labeling. Labeling of the Golgi region was examined in more detail by using ricin as a nonspecific marker of the Golgi stack organization. Double labeling with cholera toxingold followed by ricin showed that the GMi in the Golgi region was predominantly associated with the transside (Figure IC) , consistent with the postulated site of GMI synthesis (37). The labeling density in these different compartments was estimated with stereological techniques. As shown in Table 1 , the labeling density in the late Golgi structures (defined by the ricin labeling) and late endocytic structures was approximately threefold higher than that on the plasma membrane and over 200 times higher than the labeling associated with the RER. Next we examined the plasma membrane distribution of GMl. Interestingly, the distribution of GM1 over the plasma membrane was not homogeneous, suggesting that this technique allowed detection of differences in glycolipid distribution within a continuous membrane. Although some labeling was present over the entire plasma membrane, an apparent enrichment was observed in non-coated invaginations or vesicles close to the plasma membrane. In general, clathrin-coated pits showed lower labeling than the nonclathrin-coated invaginations (see, e.g., Figure 3D ). This was confirmed by quantitative analysis of the plasma membrane labeling. Asshown in Table 2 , approximately 22% of the plasma membrane labeling was associated with non-coated invaginations and only 0.5% with clathrin-coated invaginations. Non-coated invaginations occupied around 7% of the plasma membrane in these cells. As shown in Table 1 , the density of the labeling in the non-coated invaginations was approximately four times higher than the bulk plasma membrane and six times higher than in clathrin-coated pits. It should be noted that the labeling efficiency for luminal antigens in small vesicles (i.e., diameter similar to the section thickness) may be lower than for the same antigen in larger structures. This is because the labeling reagent may not gain access to the luminal antigen if the vesicle lies within the depth of the section. A compari- son of the labeling density in invaginations and small vesicles with the labeling density on the plasma membrane is therefore difficult. However, the labeling efficiency in the non-coated invaginations and the clathrin-coated pits should be comparable. The lower labeling in the latter is therefore likely to reflect a true difference in the GM1 concentration between these two structures.
The non-coated invaginations in which GM1 is concentrated resemble the caveolae described in many cells. To investigate whether the GM1-positive structures were indeed caveolae, we attempted to label the Lowicryl sections with antibodies to the N-terminal domain of the caveolar protein VIP-2l/caveolin (14) . Unfortunately, the available antibodies gave very low labeling on the Lowicryl sections. However, from morphology alone it appeared that the GMipositive structures were identical to the structures labeled by the antiVIP 21N antibody on frozen sections. As shown in Figure 4 , many of the GM1-positive structures had a very striking morphology, consisting of a group of non-coated invaginations connected to a central vacuole or plasma membrane indentation ( Figure 4A ). We observed apparently identical structures in frozen sections of A431 cells ( Figures 4B-4D) , where the 60-80-nm buds attached to the larger "vacuole" were strongly labeled by antibodies to VIP-2 llcaveolin. Clathrin-coated structures were VIP-2llcaveolin-negative, but interestingly were occasionally observed to be connected to the VIP-positive structures. These caveolar domains, which presumably resemble a bunch of grapes in three dimensions, were often connected to the plasma membrane; these structures were labeled when cells were incubated with wheat germ agglutinin conjugated to HRP for 1 hr at 4°C (Figure 4D , inset).
Pre-embedding Labeling of the Cell Surface with Cholera Toxin-B-Gold
To directly establish the relationship of the cholera toxin-goldlabeled structures to caveolae, we used a surface labeling approach with cholera toxin-B-gold and thawed cryosections. A431 cells were incubated with cholera toxin-B-gold at 0°C or 8°C before fixation. The cells were then processed for conventional Epon sectioning. At 8"C, a temperature at which no internalization occurs, gold was highly clustered within non-coated invaginations ( Figure 5 ), whereas at 0°C the clustering, although evident, was less pronounced (results not shown). Quantitation showed that at 8°C approximately 44% of the gold associated with the surface was present in non-coated invaginations ( Table 3) , which occupied only 7% of the plasma membrane. The cholera toxin-gold conjugate therefore appeared to be more concentrated in non-coated invaginations than GMi, as judged by post-embedding labeling. Significant but lower labeling was also present in clathrin-coated pits ( Table 3) .
After surface labeling at 8°C as described above, cells were processed for frozen sectioning and the thawed sections were la- Table 3 beled with antibodies to VIP-2llcaveolin. As shown in Figure 6 , the cholera toxin-B-gold-labeled structures were heavily labeled for VIP-2llcaveolin ( Figures 6A and 6B) . On warming the cells, some gold appeared intracellularly ( Figure 6C ), consistent with previous results (19,20). The structures previously described as non-coated invaginations and postulated to be involved in cholera toxin-gold internalization are therefore caveolae, as defined by the VIP-2llcaveolin labeling.
. Assochon of cholera toxin-gold with plasma membrane features of A431 cells after surface labeling at 8'C

Discussion
The present study has shown that the ganglioside GMi is concentrated in the plasma membrane invaginations termed caveolae. The results support the hypothesis that caveolae show a different glycolipid composition from the bulk of the plasma membrane and may share similarities to domains of the E N involved in apical sorting (14) . In addition, the results have implications for the role of caveolae in endocytosis.
The distribution of the ganglioside GMi at steady state in A431 cells was examined by a post-embedding labeling technique. Cholera toxin-B-gold provided a convenient and specific reagent for labeling in a single step. This labeling technique should be applicable to study of the distribution of other toxin-binding sites and has the advantage that it can be used for double labeling with antibodies without any problems of crossreactivity. Cells were processed for EM using a hybrid technique involving fixation, freezing in liquid nitrogen, freeze-substitution, and embedding in a Lowicryl resin at low temperature. Lipids have been shown to be quantitatively retained during freeze-substitution (28,29). This makes it very unlikely that the heterogeneous distribution of GMi in the plasma membrane described here is simply a result of differential extraction. Despite the use of a standard aldehyde fixative, the distribution of GM1 determined by this method was consistent with qualitative results using pre-embedding labeling before fixation and also with preliminary studies in which A431 cells were rapidly frozen and then freeze-substituted (results not shown).
GMi is present at high levels in late endocytic compartments Figure 6 . VIP-Pllcaveolin labeling of A431 cells surface-labeled with cholera toxin-E-gold. A431 cells were labeled with cholera toxin-E-gold at 8'C as described above and then (AB) fixed immediately or (C) subsequently warmed to P C for 5 min before fixation. The cells were then processed for frozen sections and the thawed sections were labeled with affinity-purified anti-VIP-21N/caveolin and protein A-gold. In A and E, clusters of cholera toxin-gold (large gold particles) are evident within VIP-2llcaveolin-labeled invaginations (small gold, arrowheads in A). C shows a group of cholera toxin-B-gold-labeled structures, presumably surface connected, which are also labeled for VIP-21N/caveolin, as shown at higher magnification in the inset. Note the cholera toxin-B-gold-labeled endosome (E) which is negative for VIP-21Nlcaveolin. N. nucleus; PM. plasma membrane. Bars = 0.1 pm. and in the E N . A number of studies have suggested that the synthesis of GMi occurs in a late Golgi compartment (37) . First, GM1 synthesis was blocked after brefeldin A treatment (38) . Second, synthesis of GM1 was increased when the pH of the medium was lowered, and it was proposed that the converting enzyme was present in a low-pH compartment (39) . The results of the present study are consistent with these results: GM1 was enriched in a late Golgi compartment, presumably the E N . Moreover, there was no evidence for the presence of GM1 in earlier Golgi cisternae or the RER. This result differs from that obtained for the Forssman antigen, which was shown to be present in the RER of MDCK cells, albeit at a low level and with some variability between cells (29). This indicates that GM1 may be excluded from any recycling pathways back to earlier biosynthetic compartments or that it is modified and is therefore undetectable. One possibility is that clustering of GM1 prevents its retrograde transport to earlier biosynthetic compartments (40) . GM1 was also present throughout the endocytic pathway, with relatively high levels in late endosomes. As the lifetime of gangliosides appears to be relatively long (6, 37) , the results suggest that GM1 is recycled out of the late endosomes, thus avoiding lysosomal degradation.
GMI ana' Caveolae
Although GMi was present over the entire cell surface, there was a clear concentration in non-coated invaginations. In contrast, clathrin-coated profiles usually showed a slightly lower level of labeling than the bulk of the plasma membrane. However, GM1 was not excluded from clathrin-coated pits, consistent with biochemical studies suggesting that they may have a similar lipid composition to the total plasma membrane (6) . The results presented here are the first indication of local concentrations of GMi in the plasma membrane by a post-embedding approach, but they are in agreement with surface-labeling studies showing that cholera toxin-gold is preferentially clustered into non-coated invaginations after incubation with living cells (19,20) ( Figure 6 ). Interestingly, the labeling of non-coated invaginations of living cells was somewhat dependent on the temperature of incubation. After incubation of A431 cells with cholera toxin-gold on ice, the clustering in noncoated invaginations was less evident than after incubation at 8°C. The membrane fluidity may be significantly higher at 8°C than at O"C, allowing the clustering to occur more rapidly. Under these conditions, approximately 44% of the cholera toxin-gold was associated with non-coated invaginations, a higher percentage than that seen after labeling the sections. The multivalent nature of the ligand may well cause redistribution of the GM1. In vitro studies have shown that cholera toxin, which consists of a pentamer of binding subunits, can cause clustering of GMi (41) . The results suggest that the interaction of the GM1 with non-coated invaginations is dynamic and that cross-linking might trap more of the complex in these structures. This demonstrates the importance of a postembedding approach for studies of this kind. One of the major findings of this study is that the non-coated invaginations that are enriched for GM1 are actually caveolae, as defined by antibodies to the caveolar protein VIP-2l/caveolin. Caveolin was identified as a 22 KD substrate for the v-src kinase (42) . Later studies provided evidence that this protein was a component of the coat of caveolae (12) . VIP-21 was initially identified as a component of post-EN exocytic vesicles in the model epithelial cell line MDCK (9) . This 21 KD integral membrane protein was one of the major components of a detergent-insoluble complex containing an apically directed viral protein. The detergent insolubility is thought to reflect the association of proteins in glycolipid microdomains, termed rafts. Consistent with this view, apically directed GPI-anchored proteins were shown to become detergent insoluble in a late Golgi compartment and these complexes were enriched in glycosphingolipids (8,lO) . Unexpectedly, VIP-21 was found to be enriched in caveolae (14) and was shown to be the canine form of caveolin (13) .
Caveolae and Giycosphingoli$ia' Sorting
The presence of VIP-21 in the TGN and in caveolae suggested that similar sorting mechanisms may operate in these two structures (14) . GPI-anchored proteins and glycosphingolipids are known to be apically sorted in MDCK cells and to be present in the detergentinsoluble complexes containing VIP-21 (8,lO) . In addition, in an epithelial cell line showing a reversed glycosphingolipid distribution, GPI-anchored proteins are present on the basolateral surface along with the glycosphingolipids (43, 44) . It has been suggested that the glycolipid tail may facilitate clustering into the same microdomains as glycosphingolipids through hydrogen bonding (4, 16) . GPI-anchored proteins are known to be enriched in caveolae (17, 18) . From the results of the present study, it is clear that at least one glycosphingolipid is concentrated in these same domains, strengthening the hypothesis that sorting into caveolae and sorting of apical proteins and lipids in the E N of epithelial cells show similarities. Whether VIP-21 is directly involved in this process must await further work, but additional components must be involved. For example, it is clear that VIP-21 does not confer the apical specificity of targeting; VIP-21 is found both apically and basolaterally in MDCK cells (9) .
The detergent-insoluble complexes of epithelial cells may contain both post-EN components destined for the apical surface and caveolar components such as GPI-anchored proteins (8.10) . A recent study showed that detergent-insoluble complexes of MDCK cells were enriched in GM3 but depleted of another glycosphingolipid, the Forssman antigen (10) . This suggests that microdomain formation is not a feature of all glycosphingolipids or that rafts with different functions and compositions may exist. VIP-2Ucaveolin may be associated with glycosphingolipid microdomains in both the E N and in caveolae. If the detergent insolubility is a feature of glycosphingolipid-protein interactions, as proposed, caveolar proteins can also be expected to resist detergent extraction. Indeed, earlier studies showed that the bulk of VIP-2l/caveolin (previously termed p22) was detergent insoluble (42) . In addition, several reports have described detergent-insoluble complexes containing GPI-anchored proteins (45) (46) (47) , but whether such complexes are present in caveolae is not known. GPI-anchored proteins are immobilized in the plasma membrane immediately after their delivery to the apical surface of MDCK cells (48) . This immobility is transient and correlates with polarized sorting. How these observations relate to microdomains in the E N or to clustering in caveolae is not yet clear. It should be borne in mind that with an immunolabeling approach we cannot judge the size of the putative GM1-enriched domains. As discussed previously ( 5 ) , a cluster of gold particles could represent a few isolated GM1 molecules or a patch of several hundred.
The enrichment of GM1 in caveolae and the properties of these domains as described above may provide some explanation for the observed detergent insolubility of gangliosides after cholera toxin binding. Earlier studies showed that cholera toxin was resistant to extraction with non-ionic detergents when bound to the surface of cultured cells (49, 50) . In addition, 20-40% of GM1 was detergent insoluble under control conditions, and this increased to around 50% after treatment with cholera toxin (50) . It was suggested that GMi could interact indirectly with the cytoskeleton. However, it is interesting to speculate that the detergent insolubility could reflect to some extent the association of GM1 with glycolipid rafts in caveolae. The difference in extractability before and after cholera toxin treatment would fit well with the results of the present study, showing a difference in GM1 distribution by pre-embedding labeling (when cells were treated with cholera toxin-B) and by postembedding labeling (the steady-state distribution of GM1). This interpretation would also provide some explanation for the observation that exogenous GM1 added to GM1-deficient cells also becomes Triton insoluble (50) and that cross-linking of GM1 using cholera toxin and antitoxin causes a redistribution of the underlying cytoskeleton (34) . Exogenous GM1 could associate with rafts of glycosphingolipids and then the entire raft could interact indirectly with other transmembrane components. The association of GMi with such rafts would eliminate the need for each individual GM1 monomer to interact with proteins across the bilayer.
Caveol'ae and Endocytosis
In recent years, evidence has accumulated for the existence of a non-clathrin-dependent endocytic pathway (51, 52) . This pathway is not thought to be mediated by caveolae, which are believed to close only transiently in a process termed potocytosis (22). However, earlier studies using cholera toxin-gold as a marker provided evidence for an internalization pathway involving small non-coated invaginations (19,20). From the present study in which a similar marker was used, it can now be concluded that such structures are ca&olae. This raises several interesting questions. For example, are caveolae solely involved in potocytosis or can they also endocytose ligands and transport them to endosomes? Are there subpopulations of caveolae, some of which are involved in a classical endocytic pathway? It has been argued that although the toxin-gold conjugates are concentrated in non-coated invaginations they are actually endocytosed via clathrin-coated pits (53) . In the present study, GMi was shown to be concentrated in caveolae but was also clearly present in coated pits. It is therefore apparent that at least some GM1 must be internalized by clathrin-coated pits, consistent with a previous study using an exogenously added biotinylated GM1 derivative (54) .
One feature of caveolae, which was particularly evident in A431 cells but also observed in other cell types (e.g., BHK cells; unpublished observation) was their organization in clusters. Although many were clearly connected directly to the surface in A431 cells (e.g., Figure 5 ), a large percentage was clustered around larger "vacu-oles" in a rosette/bunch of grapes formation (Figure 4) . At least some of these structures were connected to the plasma membrane. Apparently similar structures have been observed by deep-etch freeze-fracture EM of the cytoplasmic surface of the plasma membrane of adipocytes (e.g., Figure 7C in reference 5 5 ) . At present it is unclear whether a group of these structures connect to the surface via a single neck and, if so, whether the entire structure could lose its connection to the cell exterior. Further work using techniques such as those described here will be required to unravel the structure-function relationships of these enigmatic structures.
